Featured Application: Different shoes may be necessary according to sex in functional equinus condition. The first step was the most reliable step to register in clinical practice and research Abstract: Some studies suggest that gender is related to gait. Females show significantly higher ankle motion and vertical ground reaction forces. Males have significantly larger plantar contact surface areas in all regions of the foot than females in most, but not all, prior studies. However, there is no research on sex differences in a functional equinus condition. In this study, 119 individuals, including 59 females (29.7 ± 5.15 years, 58.74 ± 6.66 kg, 163.65 ± 5.58 cm) and 60 males (31.22 ± 6.06 years, 75.67 ± 9.81 kg, 177.10 ± 6.16 cm), with a functional equinus condition walked onto a pressure platform. In two separate testing sessions, five trials of each foot were conducted for the first, second, and third steps. We measured the contact surface areas for each of the three phases of the stance phase. We computed the intraclass correlation coefficient and standard error of the mean to assess the reliability. We found significantly greater contact surface areas in males than females in the first, second, and third steps in all phases of the stance phase: heel strike, mid-stance, and take-off. This is important information for the design of footwear and orthotics and gender knowledge. In a functional equinus condition, males have registered greater contact surface areas than females in all phases of the dynamic footprint of the stance phase.
Introduction
Different habits (such as frequency of sport activity and shoe wearing practices), and individual characteristics (such as sex, body mass index, and age), are related to adult foot morphology [1] . Human foot shape also differs among ethnic groups [2] and changes over the course of postnatal development [3] .
Anthropometric studies have shown considerable sex differences in the foot bones [4] . In three-dimensional analyses, sex was associated with ankle width, Achilles tendon width, and heel width [5] . In contrast to males, females have greater generalized joint laxity following the onset of puberty [6] . Postpubescent athletes had greater knee anterior/posterior forces, as well as mediolateral resultant forces, after jumping [7] .
Research on footprint analysis during walking in two-dimensional analyses of data from an in-shoe pressure measurement system has been carried out. Sex was not significantly related to the peak pressure, contact time, pressure-time integral, and instant of peak pressure. The force-time integral, however, was significantly greater in males than females under the first, third, and fourth metatarsal heads [8] . The maximum force was also significantly higher in males under the heel [8] and the first and third metatarsal heads, and the mean force was greater in males under the third metatarsal head [8] . It should be noted that none of these variables were normalized to body weight or height. Kandil et al. [9] studied the plantar pressures in a standing position and found that females had significantly higher pressures in the heel than males. Several authors [8, 10, 11] observed that males had significantly larger contact areas in all regions of the foot than females. Other authors, in a sequence of footprints during a single gait cycle, called the dynamic footprint [12] , found no differences [13] .
A functional equinus condition can be defined as "dorsiflexion limitation of the ankle with the knee extended/flexed (excluding osseous restriction)" [13, 14] . A functional equinus condition is a non-symptomatic condition, but its incidence is high. In a study of 209 consecutive patients with musculoskeletal problems in the foot, a prevalence of 96.5% of this condition was found and has been linked to foot problems including plantar fasciitis and metatarsalgia [15] . It may promote clinical alterations in the Achilles tendon and triceps surae muscle [13] . Equinus is significantly related to lower limb injuries (e.g., anterior cruciate ligament rupture), asymmetric loading patterns, and alterations in triceps surae contraction [16] . In footwear, a prolonged or chronic use of high-heeled shoes can cause the Achilles tendon to become stiff and rigid [17] . A lack of adequate ankle dorsiflexion can result in compensation within the gait cycle, such as a near heel lift and an increase in forefoot pressures [18] Once the ankle is restricted, the midtarsal joint is the next joint through which dorsiflexion may occur [19] . This is achieved by excessive pronation of the foot [19] . The pronation of the midtarsal joint of the functional equinus condition and the postpubescent laxity of women are two factors that could increase the variable of the surface of the footprint. Therefore, it is necessary to check if ligamentous laxity is an agent that provides sex differences in this pathology.
Gender differences in plantar footprint variables with functional Equinus have not been compared with a biomechanical approach for the first, second, and third steps. If they exist, they should be taken into consideration for the specific design of footwear by sex, especially in those situations with higher ground contact forces, such as sport. Our measurements were focused on the three stages of the stance phase: heel strike, mid-stance, and take off, in order to check sex differences. The main purpose of this study was to compare males and females in terms of surface variables for the first, second, and third walking steps with a pressure platform.
Materials and Methods

Subjects
One hundred and nineteen uninjured subjects (59 women and 60 men) participated [5] . All of them were European Caucasians. The Ethics Committee of Universidad Rey Juan Carlos approved the study, and all subjects gave their written informed consent before participating. Gender, age, foot size, height, and weight were recorded (Table 1) . Ethical standards in human experimentation contained in the World Medical Association Declaration of Helsinki, the Council of Europe Convention on Human Rights and Biomedicine, the UNESCO Universal Declaration on the Human Genome and Human Rights, and those of the relevant national bodies and institutions were observed at all times.
The inclusion criteria were as follows: age between 18 and 40 years; a normal or overweight body mass index (between 18.5 or less than 30, based on Quetelet's equation of BMI = weight/height 2 ); and the ability to walk independently, with no previous lower limb injury. All individuals had a functional equinus condition. Gastrocnemius soleus equinus is the inability of the ankle to dorsiflex beyond a neutral position with the knee extended (it remains <0 • ) [13, 14, 20] or with the knee flexed (it remains <0 • ) [13, 14, 20] . Both men and women have an inability of dorsiflex between −10 to −15 degrees. Values greater than −15 • were excluded from the study. The subjects did not practice sports and their usual shoes had a 3 to 5 cm heel. Gastrocnemius soleus equinus was assessed with the knee extended and flexed. The amount of ankle dorsiflexion was determined by using a goniometer to measure the angle between the plantar aspect of the heel (medially or laterally) and the tibia. Care was taken to maintain the subtalar joint in a neutral position and to measure ankle dorsiflexion and not midfoot dorsiflexion (rocker bottom) or midfoot equinus (pseudoequinus) [15, 20] . The Silfverskiöld test was performed to differentiate gastrocnemius equinus from other types of equinus [15, 21] . A normal amount of ankle dorsiflexion is approximately 108 with the knee extended and 208 with the knee flexed [12] .
The exclusion criteria were determined with a questionnaire, and were as follows: obesity (more than 30 based on Quetelet's equation of BMI = weight/height 2 ); history of problems with the feet or lower extremities or any pathological condition in the past 12 months [22, 23] ; having a history of foot surgery; congenital or acquired deformity of the foot (flat feet, cavus foot, hallux valgus, hallux limitux, hammer toes, congenital, or traumatic deformity of the lower limb [22] [23] [24] ), to have normal dorsiflexion in the ankle joint complex [21] , and the presence of musculoskeletal and joint injuries, pelvic pain, ankle sprains, and lower back pain [25] identified during clinical examination; visual and/or hearing impairments; and any problems in the lower limbs or spine that might affect the normal gait.
Procedures
The pressure platform was located in the center of a corridor that was 6.4 m long and was flush with the floor surface. Subjects performed the first, second, and third steps barefoot [15, 23] . Subjects were instructed not to look at the platform or the ground to protect the reliability of the measures [23] . We randomly assigned the order of the steps (first, second, and third) [16, [26] [27] [28] [29] [30] and the lower limb (left vs. right) to be assessed. Four or five tests were performed on each protocol to familiarize the subject with the procedure and to determine his or her starting position. These tests ensured a successful arrival of the full foot on the platform. A comfortable walking speed was chosen by the subjects [22, 30, 31] . After reaching the platform, the subjects continued to take a minimum of 3 to 4 steps [30] . We excluded trials in which the subject's entire foot did not make contact with the platform [8] . We recorded measurements in five successful trials per leg and step combination (30 trials in all per subject in a session).
We repeated the same data collection procedures in a second session at the same hour of the day one week after the first session, with the objective of checking the reliability of the data collected in both weeks and demonstrating that the test is reproducible. We made a new randomization of steps and limbs for this session. Subjects wore the same shoes on session days (although they participated barefoot).
The platform was made with capacitive sensors. The dielectric material of which they consisted has excellent elastic properties so can return to the original position after use. After each trial, we waited 30 s to allow the platform material to return to its original state [31] . The Podoprint (Medicapteurs; Balma, France) platform we used has an active area of 400 mm × 400 mm, with 2304 sensors [31] .
Technical specifications of the pressure platform are shown in the Table 2 . This pressure platform is indicated for use in studies of footprints during the stance phase of the gait cycle [21, 32, 33] . We used the platform in self-calibrating mode. We used the manufacturer's software to analyze the data. 
Variables
We extracted the surface variable at different points in the stance phase of the gait. We divided each entire dynamically registered plantar footprint into each of the biomechanical intraphases, as affirmed by Cornwall and Mc Poil [34] . They defined the Velocity-Time graph of the center of pressures with the platform during the stance phase of the gait. Characteristically, there is a triple peak pattern graph that is biomechanically related to a specific moment of the support phase: heel contact (from the beginning to 20% of the duration of the stance phase), midstance (from 20% to 35% of the duration of the stance phase), and take-off (from 35% to 92% of the duration of the stance phase; from 92% to 100%, only the toes are in contact with the ground). Therefore, 20% of the total time of the stance phase was used to record the contact surface, and we did the same at 35% and 92%. The area recorded during the entire stance phase was also analyzed and was called the global footprint. We used the end of each phase of the stance phase because it is the moment where greater velocities of the center of pressures take place [34] , in order to check the influence of the ligamentous laxity.
We carried out a Kolmogorov-Smirnov test for normality assessment, and we considered a normal distribution if p > 0.05. We performed descriptive statistical analyses, using the mean ± standard deviation and a 95% confidence interval. For each step, leg, and stage of gait combination, we computed the intra-class correlation coefficient (ICC) to assess the reliability of each parameter, as the degree to which individuals maintain their position or value in repeated measures, as proposed Bruton, Conway and Holgate [35] . To interpret ICC values, we used the benchmarks proposed by Landis and Koch [36] : 0.20 or less, slight agreement; 0.21 to 0.40, fair; 0.41 to 0.60, moderate; 0.61 to 0.80, substantial; and 0.81 or greater, almost perfect.
We calculated standard errors of the mean (SEM) to measure the range of error in each parameter. We computed the SEM as s x .
√
(1-r xx ), where s x is the standard deviation of the observed set of test scores, and r xx is the reliability coefficient, which, in our case, is the ICC. Additionally, we performed Student's t tests to compare males' and females' means for each parameter. We considered a p value < 0.05 as statistically significant for all tests. We used SPSS for Windows, version 20.0 (SPSS Inc., Chicago, IL, USA), for all statistical analyses.
Results
Characteristics of the Sample
All the variables showed a normal distribution (p > 0.05) by the Kolmogorov-Smirnov test. Table 1 shows the characteristics of the obtained sample. Significant differences between men and women in terms of weight, height, and shoe size are evident. There was no significant difference in age between men and women.
Reliability
For women, all contact surface area variables except one (right foot, third step, take off) displayed substantial to almost perfect reliability when data were aggregated across sessions ( Table 2) . For men, all contact surface area variables showed substantial to almost perfect reliability when data were aggregated across sessions (Table 3 ). Reliability was generally lower when measurements from only the first or second session were considered. The take-off phase measurements tended to have a lower reliability than measurements during heel contact or the mid-phase. Tables 4-6 show the results for comparisons between women and men for each foot, biomechanical intraphase, and session for the first, second, and third steps, respectively. During heel strike, mid-stance, and take off of the stance phase, men had significantly larger contact surface areas than women. In Figure 1 , samples of each phase of the third step can be seen. 
Comparisons between Women and Men
Discussion
The results of our study show that, with a functional equinus condition, men have significantly greater plantar contact surface areas than women in all phases of the gait for the first, second, and third steps. Although it was not the aim of this research, a complete study of the reliability variables allows it to be inferred that the first step is the most reliable, and comparing the sex differences of the first, second, and third steps, it is appreciated that the phase of minor gender differences in all steps is the takeoff phase.
The surface values in the contact phase increase in both sexes by increasing the number of steps. Therefore, in the third step, the increase is much higher in men than women. There are previous studies that have examined the plantar footprint in healthy people, where the sole was divided for analysis by anatomical regions or studied as a whole [6, 9, 10, [37] [38] [39] [40] . The number and type of anatomical divisions of plantar areas are not consistent across studies. Putti et al. [4] found that an in-shoe system showed an increase of the contact area in 10 parts of the sample. These authors considered that the difference in the contact area could be attributed to differences in BMI. The anatomical analysis separates each part of the foot during the entire stance phase. On the other hand, Murhpy et al. [38] did not find any differences by sex in contact areas in their study of 50 athletes with an in-shoe system. They divided the footprint into four regions. They found a significantly greater value in the area of the rear foot and fore foot in men than women. No significant values were found in the midfoot. The different results between this study and ours could be due to the characteristics of the sample, because athletes participated. Sport activities may change the morphology of the foot [1] . Wunderlich and Cavanagh [37] found the same results as the present study for healthy people. They analyzed gender differences in the shape of the foot and found that men have longer and broader feet than women for any given stature. Male feet differed from female feet in a number of shape characteristics, particularly at the arch, the lateral side of the foot, the hallux, and the ball of the foot. Our study is the first to involve a complete biomechanical analysis focused on sex differences in plantar contact surface areas for the first, second, and third steps. The third step has characteristics of a step in the middle of the gait [40] . We can apply our results to all steps of the gait. Past studies that divided the footprint into anatomical regions took the global dynamic footprint at the end of the step. Then, they separated the heel, midfoot, and forefoot, without taking into consideration the moments where greater forces could be produced. We have chosen the end of each biomechanical phase of the stance phase, because this is where higher velocities of the pressure center occur and the laxity can have a greater influence and generate a greater or equal surface in women than in men. Research has shown greater ligament laxity in women [39] . During the heel strike phase, there are high impact forces due to vertical ground reaction forces [41] , and during the mid-stance phase, all the body weight falls on the support leg [41] . Therefore, a greater decrease of the plantar arch and, consequently, a greater surface area, would be expected in both phases. The study of Hills et al. [11] that compared the third step of the gait in obese adults found a greater surface for women in the mid foot, with anatomical division of the footprint, and found significant increases in pressure under the heel, mid-foot, and metatarsal heads II and IV for men and III and IV for women. Our large sample and biomechanical approach has allowed us to verify that in a functional equinus condition, women present differences during all phases of the stance phase, despite their laxity. These differences remain even in the second and third step, which have more speed [32] and consequently, display greater forces.
Finding sex differences in the selected population is important for research and clinical practice. A functional equinus condition is initially an asymptomatic pathology that causes biomechanical alterations [19] , changes in the plantar pressures [19] and tensions and solicitations of the tissues like the Achilles tendon [19] . The findings imply that footwear in a functional equinus condition must take into account this difference in surface, especially sports shoes, and in plantar foot orthoses. The shoes should be narrower and allow greater application in the midtarsal joint, which suffers from excessive pronation. Further studies should be carried out to check if there are also sex differences in children. In the same way, these differences may increase in an older population [42] and therefore, further studies are necessary.
The first step is the most reliable. These results can be explained by the biomechanics of the start of the gait. Prior to the heel contact of the first step, a series of neurophysiological mechanisms and movements are produced. These mechanisms includes a series of stereotyped muscle contractions and inhibitions, invariables of a sequential motor program [43] , which is directed at the level of the Central Nervous System, thus unconsciously [43] . The step phase of minor gender differences in all the steps is the takeoff phase and it is the phase where the values are more constant in the three steps. Additionally, it is necessary to consider that the take-off phase is the less reliable phase. The heel strike and mid-stance phase present a moderate to perfect reliability. All variables increase the reliability by using two different days to collect data. These findings can be very useful and be applied in clinical and studies: the first step is the most reliable step to register, and the take-off phase exhibits the least gender differences for the surface variable.
Conclusions
Significant gender differences in plantar contact surface areas in all phases of the gait with a functional equinus condition were found for the first, second, and third step, and all steps of the gait.
The first step is the most reliable step to register, and the take-off phase is the one with the least gender differences for the surface variable.
